Abstract
Introduction
. Calcium phosphate materials such as HA and TCP are classified as bioactive ceramics. They have been widely used for the reconstruction of bone defects and are known as a three-dimensional porous material to induce bone formation and osteoconduction [3] . Growth factors as well as different types of osteogenic cells have been used in combination with bone substitute material in the past [4] . BMP-2 (bone morphogenetic protein-2) is well known as an osteoinductive protein enlarging bone formation in critical size defects and serving for bone tissue engineering purposes [5] [6] [7] [8] [9] . The combination of osteogenic growth factor release (BMP-2) from polymer scaffolds and the addition of preosteogenic cells have further increased the potential to engineer bone [10] . [4, [11] [12] [13] . Bone marrow derived stem cells seemed to be superior to adipose tissue derived stem cells in terms of osteogenic differentiation capacity [14] . MSC have been used either after expansion in vitro or as a directly auto-transplanted cell population for tissue engineering purposes in the past (10) (11) (12) (13) 
Until now it is unclear which cell type serves best for bone tissue engineering purposes. Osteoblasts, periosteal cells and embryonic or mesenchymal stem cells (MSC) have been used in a large number of studies

RT-PCR analysis
Fig. 1 Sheep MSC were characterized using FACS and RT-PCR analysis. (A) With RT-PCR analysis CD29, CD44 and CD166 expression of MSC could be proofed on mRNA level. As indicated by increased CD45 expression, ratio of hematopoietic cells was higher in directly auto-transplanted MSC as compared to expanded MSC. (B-D) FACS analysis revealed sheep MSC to express CD29, CD44 and CD166. Expanded MSC (B) were negative for the hematopoietic markers CD31 and CD45. Directly auto-transplanted cells (C) had a different expression pattern than expanded MSC. The directly autotransplanted MSC had a weaker CD29 and CD166 but a stronger CD45 expression. Mean fluorescent indices are shown in (D). C/D 4 weeks, A/C expanded MSC, B/D directly auto-transplanted
Directly auto-transplanted or expanded MCS and BMP-2 contributed to bone formation in subcutaneous sheep implants
Different BMP-2 concentrations were tested to determine optimal concentration for osteogenic stimulation effects (groups [4] [5] [6] [7] . In the control group using ␤-TCP/HA granules and a fibrinogenthrombin matrix only, no bone formation could be detected. While using 2.5 g/ml or 12.5 g/ml BMP-2 early bone formation could be detected. Around the ␤-TCP/HA granules a small margin of osteoblast-like cells and small parts of bone matrix was found (Fig. 5A/B) . Using higher concentration of BMP-2 with 60 g/ml, trabecular, osteon-like, well-vascularized bone formation occurred within 12 weeks (Fig. 5C) . The newly formed bone parts were located close to the ␤-TCP/HA granules. We could demonstrate the expression of collagen type I (COL1) in the newly formed bone in the 2.5, 12.5 and 60 g/ml explants using immunohistological staining (Fig. 5D-F, D 2 .5 g/ml, E 12.5 g/ml and F 60 g/ml). Expression of genes specific for bone-like COL1, osteocalcin, osteonectin, osteopontin as bone matrix proteins and the osteoblast differentiation marker runt-related-transcription factor (RUNX) 2 in the 60 g/ml explants were demonstrated using RT-PCR. Osteocalcin, osteonectin, osteopontin and COL1 were up-regulated in 60 g/ml constructs compared to the control group using ␤-TCP/HA granules with fibrinogen-thrombin matrix without growth factors or cells (Fig. 6A-C (Fig. 7A-F (Fig. 8A-C) . Osteocalcin and osteopontin were up-regulated in groups 8-10 in comparison to ␤-TCP/HA granules with fibrin matrix without growth factors or cells (Fig. 8D) . DiI-labelled MSC were found particularly close to ␤-TCP/HA granules contributing to the new formation of bone (Fig. 9A-C [19] .
bone were analysed semi-automatically: no significant difference between the three groups could be detected. No significant differences between groups with directly auto-transplanted and expanded MSC were detected, neither did combination with BMP-2 induce a significant higher amount of bone formation (Fig. 7G). The expression of bone-specific genes was demonstrated in groups 8-10 as shown by RT-PCR analysis
, A expanded MSC, B directly autotransplanted MSC, C directly auto-transplanted MSC in combination with BMP-2). In the explants with directly auto-transplanted MSC a higher section of the DiI-labelled cells was found in the connective tissue parts of the constructs compared to the explants with expanded MSC or directly auto-transplanted MSC with BMP-2. The constructs in all groups were well vascularized as shown by CD31 immunohistochemistry (Fig. 9D-F, A expanded MSC, B directly auto-transplanted MSC, C directly auto-transplanted MSC in combination with BMP-2). There seemed to be no difference with regards to the used cell type.
Discussion
Critical size bone defects are still a challenging problem which is addressed by several disciplines in medical science. Current strategies are based on autologous transplants or a large range of bone scaffolds. In the last years attempts were made to combine bone scaffolds with osteogenic cells like MSC, osteoblasts or
Fig. 3 MSC in a fibrinogen-thrombin matrix were implanted subcutaneously on the sheep's back (groups 1-3). Explants were harvested after 2 weeks (shown in A and B) and 4 weeks (shown in C and D) to investigate apoptosis and sufficient DiI labelling of the implanted MSC. Constructs with expanded MSC are shown in (A) and (C) versus constructs with directly auto-transplanted MSC shown in (B) and (D). DiI ϩ cells (red) were identified at all timepoints in the subcutaneous implants. The staining intensity of expanded MSC was stronger in comparison to directly auto-transplanted MSC. Apoptotic cells (TUNEL assay) are shown in green. Both expanded and directly auto-transplanted cells had a decreasing apoptosis during the implantation
Fig. 4 MSC in a fibrinogen-thrombin matrix were implanted subcutaneously on the sheep's back (groups 1-3). Explants were harvested after 2 weeks (shown in A and B) and 4 weeks (shown in C and D) to investigate proliferation of the implanted MSC. Constructs with expanded MSC are shown in (A) and (C) versus constructs with directly auto-transplanted MSC shown in (B) and (D). DiI-labelled MSC are shown in red. Proliferating cells (Ki67) are shown in green. Both expanded and directly auto-transplanted cells had a constant proliferation during the implantation period.
Both directly auto-transplanted as well as expanded MSC have been used for tissue engineering purposes in the past, but most studies worked with expanded MSC, most likely because of their good expansion capacity and their known differentiation potential in the osteogenic, chondrogenic and adipogenic cell line. We focused on the assessment of directly auto-transplanted MSC in comparison to expanded MSC based on the following considerations: working with directly auto-transplanted cells has advantages concerning an aspired clinical application in the future. Beside a reduction costs and regulatory issues related to cell culture and good manufacturing practice, the time frame necessary for in vitro cell expansion is a critical factor in most clinical scenarios, which can be avoided by direct auto-transplantation.
Vincentelli and colleagues reported distinct behaviour using directly auto-transplanted or expanded MSC for heart valve tissue engineering purposes [20] . We could show different expression profile of CD markers on directly auto-transplanted versus expanded MSC, but in our experimental setting both cell populations behaved similarly concerning proliferation, apoptosis and potential to induce bone formation. The different expression profile of directly auto-transplanted MSC compared to expanded MSC was possibly due to remaining hematopoietic cells which [24, 25] . Possibly the addition of cytokine secreting of MSC contributes not only to osteogenesis, but also to angiogenesis [14, 24, [26] [27] [28] [30] . BMP-2 and pulsed electromagnetic field also had a positive effect on osteoblastic cell proliferation and gene expression in vitro [31, 32] 
For determination of the cell type which is qualified best for bone tissue engineering purposes, different groups (expanded versus directly autotransplanted MSC, groups 8-10) were investigated. In both groups cells were DiI labelled prior to implantation and implanted subcutaneously with or without BMP-2. Bone formation is shown in haematoxylin and eosin (A-C) and collagen I staining (D-F). Directly auto-transplanted (B, E) or expanded MCS (A, D) and BMP-2 in combination with directly auto-transplanted MSC (C,
F
(D-F) Sections of constructs of the groups with expanded MSC (D), directly auto-transplanted MSC (E), BMP-2 in combination with directly auto-transplanted MSC (F) were evaluated for vascularization. The constructs in all three groups are well vascularized as shown by CD31 immunohistochemistry (green). Nuclei are counterstained with DAPI (blue
